Sickle cell disease (SCD)-associated nephropathy is a major source of morbidity and mortality in patients because of the lack of efficacious treatments targeting renal manifestations of the disease. Here, we describe a long-term treatment strategy with the selective endothelin-A receptor (ET A ) antagonist, ambrisentan, designed to interfere with the development of nephropathy in a humanized mouse model of SCD. Ambrisentan preserved GFR at the level of nondisease controls and prevented the development of proteinuria, albuminuria, and nephrinuria. Microscopy studies demonstrated prevention of podocyte loss and structural alterations, the absence of vascular congestion, and attenuation of glomerulosclerosis in treated mice. Studies in isolated glomeruli showed that treatment reduced inflammation and oxidative stress. At the level of renal tubules, ambrisentan treatment prevented the increased excretion of urinary tubular injury biomarkers. Additionally, the treatment strategy prevented tubular brush border loss, diminished tubular iron deposition, blocked the development of interstitial fibrosis, and prevented immune cell infiltration. Furthermore, the prevention of albuminuria in treated mice was associated with preservation of cortical megalin expression. In a separate series of identical experiments, combined ET A and ET B receptor antagonism provided only some of the protection observed with ambrisentan, highlighting the importance of exclusively targeting the ET A receptor in SCD. Our results demonstrate that ambrisentan treatment provides robust protection from diverse renal pathologies in SCD mice, and suggest that longterm ET A receptor antagonism may provide a strategy for the prevention of renal complications of SCD.
Sickle cell disease (SCD) is an autosomal recessive monogenetic blood disorder that affects approximately 100,000 people in the United States and millions globally. 1, 2 The central pathology of the disease is the polymerization of mutant hemoglobin S (HbS). This process sets in motion a cascade of events, beginning with erythrocyte sickling, endothelial activation, and vaso-occlusion, that ultimately result in chronic tissue hypoxia, inflammation, and organ damage. 3 Advances in the management of SCD throughout the past half-century have led to a progressive increase in life expectancy with a concomitant increase in the prevalence of chronic disease manifestations. 4, 5 Sickle cell nephropathy now represents one of the most serious organ-specific complications facing patients with SCD. Renal pathologies in SCD occur at both the structural and functional level and include deterioration of the glomerular filtration barrier, progressive loss of functional glomeruli, tubulointerstitial injury, defective urine-concentrating ability, and dysfunction of the distal nephron. 6 Evidence of nephropathy, as manifested by albuminuria or proteinuria, occurs in nearly two-third of adults with SCD, and presently, almost one in five patients with SCD die of renal disease. 7, 8 This level of disease burden occurs due to lack of availability of robustly renal-protective therapies targeted to the mechanisms that underlie sickle nephropathy.
Endothelin-1 (ET-1) is a signaling peptide produced by diverse cell types that exerts its physiologic and pathophysiologic actions by binding to two receptor subtypes, ET A and ET B . 9, 10 ET A receptor activation induces vasoconstriction, inflammation, mitogenesis, and nociception. [11] [12] [13] [14] [15] These effects can be counteracted by ET B activation in some tissues, highlighting the importance of the balance between the two receptor subtypes. 16 ET-1 expression is induced by established hallmarks of the SCD milieu, including hypoxia, oxidative stress, and thrombosis. 17 This theoretic connection between SCD and ET-1 overproduction was validated by multiple studies that demonstrated elevated ET-1 levels in both plasma and urine of patients with SCD. 17 In the kidney, ET-1 has been implicated as a mechanistic contributor to development of proteinuria in various forms of CKD. [18] [19] [20] [21] [22] Moreover, the elevated urinary ET-1 excretion reported in patients with SCD correlates with microalbuminuria, 23 suggesting a pathophysiologic link between ET-1 induction and renal injury in SCD. Direct evidence to demonstrate that ET-1 contributes to renal dysfunction in SCD comes from a study by Sabaa and colleagues who reported that SCD mice treated with the dual ET receptor antagonist, bosentan, were protected from hypoxiainduced decreases in renal blood flow and renal inflammation. 24 These studies have provided both clinical and preclinical evidence to support the hypothesis that ET-1 signaling is a mechanistic mediator of organ-specific pathology in SCD. However, no study has provided rigorous evidence to characterize ET receptor antagonism as a treatment strategy for renal complications of SCD.
This study aimed to investigate the renal protective potential of ET receptor antagonism in the treatment of sickle nephropathy and determine the importance of receptor subtype targeting and duration of treatment. We demonstrate that long-term ET A receptor antagonism can prevent the development of many of the glomerular and tubular pathologies that characterize the nephropathy associated with SCD. Additionally, short-term ET A receptor antagonism demonstrated the ability to reduce, but not fully reverse, the severity of established nephropathy. Dual ET A/B receptor antagonism was examined under the same duration treatment protocols and was found to provide less renal protection than ET A receptor antagonism alone. These results establish ET receptor antagonism as a highly efficacious treatment strategy for sickle nephropathy and highlight that maximal benefit is provided by long-term antagonism of the ET A receptor.
RESULTS

Characteristics of Experimental Animals
Vehicle-treated 14-week-old HbSS mice had significantly higher spleen-to-body weight ratio and daily urine volume, and decreased urine osmolality, when compared with agematched vehicle-treated HbAA mice. Two-week treatment with selective ET A receptor antagonist, ambrisentan, significantly reduced spleen-to-body weight ratio of HbSS mice. No parameters were changed with nonselective ET A/B receptor antagonist, A-182086, treatment in HbSS mice (Tables 1 and  2 ). Neither antagonist had any effect on the characteristics of control mice (Tables 1 and 2 ). HbSS mice had elevated plasma ET-1 concentration compared with controls, and both 2-week and 10-week ambrisentan treatment protocols significantly reduced plasma ET-1 level ( Figure 1A , Table 3 ). This result suggests that in SCD the ET A receptor signals through a positive feedback loop to increase ET-1 expression.
Short-Term ET Receptor Antagonism Attenuates Glomerular and Tubular Injury
To investigate the contribution of ET signaling to the maintenance and progression of established nephropathy in SCD, we first examined the effect of 2-week treatment with ET receptor antagonists on glomerular and tubular dysfunction in HbSS and HbAA mice. Vehicle-treated HbSS mice had significantly higher proteinuria, albuminuria, nephrinuria, and glomerular permeability to albumin (P alb ) when compared with HbAA controls (Table 3) . Ambrisentan significantly reduced albuminuria, nephrinuria, and P alb in HbSS mice, whereas A-182086 significantly attenuated only P alb , and the effect of dual antagonism did not reach statistical significance in the reduction of albuminuria and nephrinuria (Table 3) . These results suggest that ET A activation contributes to the maintenance of dysfunction of the glomerular filtration barrier in established sickle nephropathy, a finding that is consistent with previous results from our laboratory. 22 We also determined if ETsignaling contributes to the maintenance of tubular injury in SCD, because final urinary albumin excretion is the result of both glomerular filtration and proximal tubular uptake. Thus, we measured urinary excretion of kidney injury marker 1 (KIM-1) and N-acetyl-b-Dglucosaminidase (NAG), markers of proximal tubule injury. Both markers were significantly increased in vehicle-treated HbSS mice compared with controls. Ambrisentan significantly attenuated KIM-1 and NAG, whereas A-182086 had no significant effect on these markers in HbSS mice (Table 3) . Neither antagonist had any effect on markers of glomerular or tubular injury in control HbAA mice (Table 3) .
Long-Term Ambrisentan Treatment Prevents Onset of Glomerular Injury
To investigate the pathophysiologic relevance of ETsignaling in the development of sickle nephropathy, we examined the effect of 10-week treatment (from weaning into adulthood) with ET receptor antagonists on proteinuria in HbSS mice. Selective ET A receptor antagonist prevented proteinuria in HbSS mice when compared with vehicle-treated mice (1.160.3 versus 3.5760.8 mg/24 h, respectively), whereas the nonselective ET A/B receptor antagonist had no effect on urinary protein excretion ( Figure 1B) .
Next, we examined the role of ET signaling in the development of sickle cell glomerulopathy by measuring structural and functional markers of glomerular injury in HbSS mice. Both ambrisentan and A-182086 prevented the increase in P alb in glomeruli isolated from HbSS mice ( Figure 1C ). Moreover, both antagonists prevented increases in nephrinuria ( Figure  1E ). However, only the selective ET A receptor antagonist prevented albuminuria in HbSS mice ( Figure 1D ). Importantly, ambrisentan treatment preserved GFR to the level of nondisease controls ( Figure 1F ), whereas A-182086 treatment had no effect on the decline in GFR observed in HbSS mice. (Figure 1F ). Histologic analysis of glomerular structure showed glomerular hypertrophy, basement membrane of Bowman's capsule thickening, glomerulosclerosis, and vascular congestion in vehicle-treated HbSS mice. Only ambrisentan significantly prevented or attenuated all of these changes in glomerular morphology in HbSS mice ( Figure 2 ). Neither antagonist had any effect on markers of glomerular structure or function in control HbAA mice (Supplemental Figures 1 and 2 ). These results suggest that ET A activation contributes to the development and progression of glomerulopathy in SCD.
Long-Term Ambrisentan Treatment Prevents Onset of Podocyte Injury
Podocyte injury is a key feature of alteration in the integrity of the glomerular filtration barrier and, ultimately, proteinuric nephropathy. Thus, we examined the effect of the long-term ET receptor antagonism on podocyte phenotypic changes. Podocyte number per glomerulus, as determined by Wilms tumor 1 (WT-1) immunohistochemistry, was significantly decreased in vehicle-treated HbSS mice, and was concomitant with reduced mRNA levels of the podocyte markers nephrin, podocin, and synaptopodin. Both antagonists prevented podocyte loss, demonstrated by WT-1-positive glomerular cells and mRNA expression of podocyte markers ( Figure 3 , A-F). Transmission electron microscopy studies in glomeruli of vehicle-treated HbSS mice showed evidence of more podocyte foot process fusion and effacement, and glomerular basement membrane thickening, whereas prevalence of these structural defects was similar to vehicletreated nondisease controls in mice treated with both antagonists ( Figure 3G ). Neither antagonist had any effect on markers of podocyte injury in control HbAA mice (Supplemental Figure 3) . These results suggest that ET A activation contributes to the development and progression of podocyte injury in SCD.
Long-Term Ambrisentan Treatment Prevents Glomerular Dysfunction
To elucidate the mechanism underlying the nephroprotective effect of ET receptor antagonism on glomeruli of HbSS mice, we examined endothelial activation, inflammation, and oxidative stress, hallmarks of glomerular dysfunction. 
Long-Term ET Receptor Antagonism Treatment Preserves Tubular Megalin Expression
The contradictory observations that treatment of HbSS mice with either selective or nonselective ET antagonists prevented the increase in P alb , whereas only the selective ET A antagonist prevented albuminuria, led us to investigate if the two antagonists had differing effects on proximal tubular protein handling. We measured expression of the receptors involved in proximal tubular endocytosis of filtered albumin. HbSS mice had significantly lower megalin mRNA and protein expression when compared with HbAA mice, and ambrisentan, but not A-182086, restored expression to nondisease levels ( Figure 7 , A-C). In addition, suppressed neonatal Fc receptor (FcRn) mRNA expression was observed only in ET A/B antagonisttreated HbSS mice ( Figure 7F ). Neither antagonist had any effect on proximal tubule protein handling receptors in control HbAA mice (Supplemental Figure 7) . These results suggest that proximal tubular ET B receptor signaling may play a role in albumin uptake regulation and contribute to the degree of albuminuria in HbSS mice.
DISCUSSION
Renal complications of SCD include a variety of glomerular and tubular abnormalities, however, the pathogenesis of these complications remains unclear. This study demonstrated that long-term ET A receptor antagonism prevented the development and progression of sickle nephropathy, thus demonstrating that ET A receptor signaling is a critical mechanistic mediator in renal complications associated with SCD. These studies provide the basis for the use of ET A receptor antagonism as a potential therapeutic approach for the prevention of renal involvement in SCD.
Abundant evidence implicates endothelial dysfunction in many proteinuric renal diseases, 19, 20, 22, [25] [26] [27] suggesting that activation of ET receptors may lead to glomerular endothelial and tubular dysfunction, thereby contributing to proteinuria. Our group has previously demonstrated that hypoxia increases glomerular ET-1 expression in C57BL/6J mice, but not in endothelial-specific ET-1 knockout mice. 28 Also, ET-1 mRNA expression in glomeruli isolated from HbSS mice was shown to be significantly elevated. 22 These data may suggest a mechanism for ET-1-induced nephropathy in SCD. In this study, we observed significantly elevated plasma levels of ET-1 and proteinuria in HbSS mice, consistent with prior reports of elevated ET-1 levels and proteinuria in patients with SCD. 23, [29] [30] [31] Albuminuria is linked with progression of nephropathy in SCD 32, 33 and has been associated with a decline in GFR and glomerular permselectivity in SCD. 34 This is consistent with other proteinuric renal diseases where proteinuria correlates with decline in GFR. 35 In line with human disease, our results in humanized SCD mice provided evidence that prevention of proteinuria, with selective ET A receptor antagonism, was associated with preserved GFR.
Our observations suggest a pathophysiologic link between increased ETsignaling and the impairment of glomerular function in SCD. Moreover, given the often opposing actions of ET A and ET B receptors, we asked the important question of whether selective ET A or nonselective ET A/B receptor antagonism provides superior or equivalent renal protection in SCD. This is particularly relevant given that both the combined ET A/B receptor antagonists, bosentan and macitentan, and the selective ET A receptor antagonist, ambrisentan, are currently Food and Drug Administration-approved for treatment of pulmonary arterial hypertension. The clinical experience that now exists with both selective and nonselective ET receptor antagonists minimizes barriers in the path to clinical translation of our findings.
The contribution of ET B receptor signaling to proteinuria and P alb in SCD could not be directly assessed using a selective ET B receptor antagonist in vivo because of hypertension, reduced ET-1 clearance, and increased ET A receptor activation 18 However, because P alb measurements are performed in isolated decapsulated glomeruli independent of hemodynamic influences, a potential role of ET B receptors on glomerular filtration through hemodynamic mechanisms in SCD cannot be excluded. The mechanism contributing to glomerular injury in mice treated with the combined ET A/B receptor antagonist may be an inability to prevent congestion in glomerular capillaries, ultimately leading to impairment of renal hemodynamics evidenced by reduced GFR. This idea is in accordance with other studies showing a relationship between early alterations in renal hemodynamics and heightened histologic injury after renal ischemia in SCD. 38 Moreover, rats lacking ET B receptors develop more severe renal injury and proteinuria in response to hyperglycemia 39 or nephrectomy. 40 In contrast, we observed significant decreases in urinary albumin and protein excretion only in HbSS mice treated with the selective ET A receptor antagonist, again suggesting a crucial role of ET A receptors in mediating glomerular injury in SCD. Intact podocytes are essential for the integrity of the glomerular filtration barrier and podocyte injury leads to albuminuria. 41, 42 Importantly, podocytes express ET A and ET B receptors suggesting a target for elevated ET-1. In addition, several studies have shown that disruption of the podocyte actin cytoskeleton occurs after exposure to ET-1. 20, 27 Moreover, previous studies have shown a direct effect of chronic ET-1 infusion on urinary excretion of nephrin, a marker of podocyte injury. 18 Interestingly, 1-week administration of a selective ET A receptor antagonist attenuated this effect in SCD mice, suggesting that antagonism of ET A receptors may prevent podocyte injury in SCD. 22 Here, we provide evidence that ET-1, via ET A receptor activation, mediates podocyte injury in SCD, and this effect can be prevented by chronic ET A receptor antagonism. Other investigators provided similar evidence in diabetic and nondiabetic glomerular injury 18, [43] [44] [45] and preeclampsia. 46 When considering our findings in the context of these prior studies, the data suggest that disruption of glomerular structure by ET-1, via ET A receptor activation, leads to alterations in podocyte morphology and function, resulting in increased P alb and albuminuria/ proteinuria in SCD mice. However, a recently published study demonstrated beneficial effects of podocyte-specific deletion of both ET A and ET B receptors, resulting in protection from podocyte loss and mesangial matrix expansion in diabetic nephropathy. 25 Further studies with the use of podocyte-specific ET A or ET B receptor knockout mice are required to resolve this important question in SCD.
In this study, a protective effect on glomerular congestion and size was observed in HbSS mice treated with the selective ET A , but not the dual ET A/B , receptor antagonist. In contrast, Lenoir et al. reported significant benefit on glomerular structure in hypoxia-exposed SCD mice treated with the dual ET receptor antagonist, bosentan. 47 However, bosentan is 30 times more selective for ET A versus ET B receptors, 48 and when considered in the context of this study, this suggests that renal protection in previous studies may have been mediated primarily by blockade of ET A receptors in bosentantreated SCD mice. 24 Thus, our data highlight the importance of selectively targeting the ET A receptor to achieve maximal renal protection in SCD.
Recent studies have re-emphasized the role of proximal tubular uptake of albumin in protection against albuminuria. 49, 50 Renal tubules are known to be highly susceptible to hypoxic conditions 51 and it has been reported that urinary KIM-1 and NAG levels, biomarkers of tubular injury, strongly correlated with albuminuria in patients with SCD. 52 Therefore, we investigated the contribution of proximal tubular injury to albuminuria in SCD. We found that selective ET A receptor antagonism protects against tubular injury in HbSS mice, which may contribute to the antiproteinuric effect of the ET A receptor antagonist. These observations are also in agreement with those reported by Hocher et al. 53 and may suggest an additional benefit of the use of ET A receptor antagonists in the treatment of sickle nephropathy. Our results suggest that renal tubular protein uptake may involve ET B receptor activation. Although proteinuria is often presumed to be a result of glomerular damage in SCD, 54 mice may involve increased albumin endocytosis in the proximal tubule followed by cell proliferation and injury. A second hypothesis is that blocking of ET B receptors in renal proximal tubules may cause a decrease in tubular albumin uptake, an increase in urinary albumin excretion, and ultimately tubular apoptosis and injury. This hypothesis is supported by several studies implicating ET-1 as proapoptotic in the kidney. [55] [56] [57] [58] Our results demonstrate that, although the nonselective ET A/B receptor antagonist improved glomerular structure and function to some extent in HbSS mice, increased urinary albumin excretion was still present, thus excluding glomerular injury as the only cause of albuminuria. Also, the observed downregulation of megalin and FcRn may be related to the oxidative stress-mediated transcription factor, NFkB, activation and facilitated release of proinflammatory and profibrotic mediators, including MCP-1 or P-selectin. 59 These results are also consistent with the protective role of ET B receptor in proximal tubules. Moreover, data from our laboratory has shown a protective role of ET B receptor activation in tunicamycin-induced renal tubular apoptosis. 60 Thus, our results suggest that the albuminuria observed in HbSS mice treated with the dual ET A/B receptor antagonist is a combination of glomerular and tubular injury or dysfunction.
In conclusion, this study implicates the ET A receptor as an important mediator in the development and progression of renal injury in SCD, and suggests that selective ET A receptor antagonism is sufficient to prevent development and progression of renal injury in SCD. These findings provide rigorous proof-ofconcept evidence to support the use of ET A receptor antagonism in the treatment of sickle nephropathy, and by utilizing a well tolerated and clinically approved drug in our treatment strategy, the barriers to the next steps of clinical investigation are minimal.
CONCISE METHODS
Animals
Studies used humanized SCD knock-in mice, with notation: B6;129-Hba tm1(HBA)Tow Hbb tm2(HBG1,HBB*)Tow /Hbb tm3(HBG1,HBB)Tow /J, developed by Townes et al. 61 Experimental animals (HbSS) were homozygous for mutant b globin (E to V at position 6) and expressed human HbS. Control animals (HbAA), derived from the same colony, were homozygous for wild-type b globin and expressed human HbA.
All studies were performed in 14-week-old HbSS mice with similar numbers of males and females in each group and age-matched genetic controls. Group numbers varied depending on availability of mice from the breeding colony. All mice were housed under conditions of constant temperature, humidity, and 12-hour light/dark cycle, and were provided with food (Harlan Teklad) and water ad libitum. Separate groups of mice were placed in standard metabolic cages for 48 hours before the experiments. Mice were allowed to adapt to metabolic cages for 1 day before collection of 24-hour urine samples. All mice were maintained and studied in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals following a protocol reviewed and approved by the University of Alabama at Birmingham Institutional Animal Care and Use Committees.
Drug Treatment Protocols
The selective ET A receptor antagonist ambrisentan (10mg/kg per day; AbbVie, Inc., Abbott Park, IL), nonselective ET A /ET B receptor antagonist A-182086 (10mg/kg per day; AbbVie, Inc., Abbott Park, IL), or vehicle were administrated in drinking water and the concentrations were adjusted daily according to the water intake, as previously described. 62 To assess the treatment of established nephropathy, antagonists were administrated for 2 weeks beginning at 12 weeks of age, and this strategy was referred to as the 2-week treatment protocol. To assess ability of treatment to prevent the onset of nephropathy, antagonists were administrated for 10 weeks beginning at 4 weeks of age (time of weaning), and this strategy was referred to as the 10-week treatment protocol.
BP Measurements
Standard tail-cuff BP measurements, using a pneumatic transducer, were obtained on five consecutive days from 13-week-old HbSS and HbAA mice that had undergone 5 days of prior training as previously described. 63 Data are presented as the average of five measurements for each animal.
GFR Measurements
GFR was measured in 14-week-old HbSS and HbAA mice (1 day before metabolic cage studies) using transcutaneous measurement of fluorescein isothiocyanate-labeled sinestrin technique as previously described. 64 
Measurements of P alb
Glomeruli were isolated on ice by consecutive sieving technique as previously described with minor modifications. 65, 66 Briefly, renal cortical tissue was passed through a series of filters (with pore size 180, 100, and 50 mm) resulting in suspension of decapsulated, intact glomeruli in ice-cold Hanks Balanced Salt Solution, pH 7.4 (Corning, NY). Freshly isolated glomeruli were used for measurements of P alb as previously described. [66] [67] [68] In brief, change in glomerular volume was measured in response to an oncotic gradient induced by defined concentrations of albumin in the buffer solution.
Glomerular ROS Assay
Glomerular ROS production was measured using a luminescence assay as previously described. 22, 28 Plasma and Urine Analyses
All urine analyses were performed on 24-hour urine samples collected in metabolic cages. Urinary protein concentration was measured using the Bradford assay (BioRad Laboratories, CA). Urinary albumin concentration was determined using an immunoperoxidase assay according to the manufacturer's instructions (GenWay Biotech Inc., CA). Urinary nephrin concentration was measured using a mouse NPHN ELISA kit (Uscn Life Science Inc., TX). Urine levels of tubular injury markers were measured using ELISA for mouse KIM-1 (ab119596- 
Histologic Analysis
Kidneys isolated from 10-week treatment protocol mice were immersed in 10% formalin and embedded in paraffin. Kidney sections (4-mm thick) were processed for histopathology studies and immunohistochemistry assay. Sections were stained with hematoxylin and eosin, Masson trichrome, periodic acid Schiff-hematoxylin, or Prussian blue using standard protocols. Tissues were evaluated blindly according to the criteria used for quantification of the changes in renal structures, as previously described. [69] [70] [71] [72] Briefly, the extent of glomerular sclerosis was assessed on Masson trichrome-stained sections using a grading score from 0 to 4: 0 for no sclerosis; 1 for sclerosis in up to 25% of the glomerulus; 2 for sclerosis in up to 50% of the glomerulus; 3 for sclerosis in up to 75% of glomerulus; and 4 for sclerosis in up to 100% of the glomerulus. Glomerular basement membrane thickening score was assessed using the following 0-4 scale: 0 for no basement membrane thickening; 1 for mild thickening; 2 for moderate thickening; 3 for severe thickening; and 4 for massive thickening. Glomerular vascular congestion was assessed on hematoxylin and eosin-stained sections and calculated as the percentage of total glomeruli with congestion present in at least 25% of the glomerulus. A minimum of 20 glomeruli were evaluated under 4003 magnification from ten different bright-field regions of renal cortex and results were averaged for each kidney. Tubular brush border thickness was assessed on periodic acid Schiff-hematoxylin-stained sections using a 0-4 grading scale: 0 for no changes; 1 for lesions involving ,25% of the area; 2 for lesions involving 25%-50% of the area; 3 for lesions involving .50% of the area; and 4 for lesions involving nearly 100% of the area. Results were averaged for each animal. Tubulointerstitial fibrosis was assessed in ten fields per kidney section and graded as follows: 0 for no fibrosis; 1 for mild fibrosis; 2 for moderate fibrosis; 3 for severe fibrosis; and 4 for fibrosis involving nearly the entire area, and results averaged for each animal. Renal iron deposition was assessed on scanned images of whole kidney by MetaMorph software (MetaMorph; Molecular Devices LLC, CA). 
Electron Microscopy
Small cubes of renal cortex (1.5 3 1.5 3 1.5 mm) were drop-fixed in 2.5% glutaraldehyde/2.5% formalin, postfixed in 1% osmium tetroxide, and processed into resin blocks. Ultrathin sections were cut using a diamond knife, placed in a copper grid, stained with uranyl acetate and lead citrate, and examined using an FEI Tecnai T12 Spirit 20-120 kv transmission electron microscope.
Total RNA Extraction and Quantitative Real Time PCR
Total RNA extraction of renal cortex or glomeruli was performed using Ambion PureLink RNA Mini Kit or RNAqueous-Micro Total RNA Isolation Kit (Ambion, Austin, TX), and reverse transcription with the iScript cDNA synthesis kit (BioRad, Hercules, CA). Realtime amplification was performed with ABI 7300 Real-Time PCR System using iTaq Universal Probes Supermix (BioRad, Hercules, CA) and TaqMan 
Western Blotting
Thirty micrograms of protein was electrophoresed on 4%-15% gels (#4561086; Bio-Rad) as previously described. 73 Blots were probed with a rabbit polyclonal antibody against the megalin c-terminus (ab76969; Abcam, UK). Equivalent protein loading was confirmed by Coomassie staining.
Statistical Analyses
Analyses were performed using GraphPad Prism 6.0 software (GraphPad Software Inc., CA). Data were compared using paired t test or two-way ANOVA with Bonferroni post hoc correction (variables: genotype, treatment). One-way ANOVA with Bonferroni's post hoc correction for multiple comparisons was utilized for Western blot data. Results are expressed as mean6SEM with a=0.05.
